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Amajor challenge in regenerative medicine is replacing cells lost through injury or disease.
While significant progress has been made, much remains unknown about the accuracy of
native regenerative programs in cell replacement. Here, we capitalized on the regenera-
tive capacity and stereotypic retinal organization of zebrafish to determine the specificity
with which retinal Müller glial cells replace lost neuronal cell types. By utilizing a targeted
genetic ablation technique, we restricted death to all or to distinct cone photoreceptor
types (red, blue, or UV-sensitive cones), enabling us to compare the composition of cones
that are regenerated. We found that Müller glia produce cones of all types upon non-
discriminate ablation of these photoreceptors, or upon selective ablation of red or UV
cones. Pan-ablation of cones led to regeneration of the various cone types in relative
abundances that resembled those of nonablated controls, that is, red > green > UV blue
cones. Moreover, selective loss of red or UV cones biased production toward the cone
type that was ablated. In contrast, ablation of blue cones alone largely failed to induce
cone production at all, although it did induce cell division in Müller glia. The failure to pro-
duce cones upon selective elimination of blue cones may be due to their low abundance
compared to other cone types. Alternatively, it may be that blue cone death alone does
not trigger a change in progenitor competency to support cone genesis. Our findings add
to the growing notion that cell replacement during regeneration does not perfectly mimic
programs of cell generation during development.
K E YWORD S
cone genesis, neuronal repair, nitro-reductase cell ablation, photoreceptor cell proliferation,
retinal regeneration, zebrafish photoreceptors
1 | INTRODUCTION
Like elsewhere in the nervous system, the vertebrate retina is highly
susceptible to damage by injury or disease. The loss of neurons in the
retina often results in visual impairment or blindness, and in mammals,
these outcomes are largely irreversible because the lost neurons are
not replaced spontaneously. In contrast, some nonmammalian verte-
brates, such as chick and teleost fish, are able to restore diverse neu-
ronal populations after retinal injury via regeneration (Fischer &
Reh, 2003; Lenkowski & Raymond, 2014). The retinas of teleost fishRachel O. Wong and Takeshi Yoshimatsu should be considered joint senior authors.
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and mammals share a common anatomical plan, and both possess
Müller glia, cells that are activated by injury and dedifferentiate to
support neuronal regeneration (Karl & Reh, 2010; Wilken & Reh, 2016).
As such, many studies have sought to understand the cellular and molecu-
lar mechanisms that underlie native retinal regeneration (Goldman, 2014;
Gorsuch & Hyde, 2014; Lenkowski & Raymond, 2014), in order to
develop strategies to stimulate the same process in mammals (Karl &
Reh, 2010; Wilken & Reh, 2016). Further strategies are needed to accu-
rately match neuronal replacement to the injury, especially because many
degenerative diseases of the retina primarily impact specific neuronal cell
types (D'Orazi, Suzuki, & Wong, 2014; Hoon, Okawa, Della Santina, &
Wong, 2014). Indeed, retinal circuitry comprises numerous specialized
neuronal cell types (Demb & Singer, 2015; Masland, 2012), which form
stereotypic circuit patterns that are fundamental to proper visual
processing. However, recent evidence suggests that retinal regeneration
can result in genesis of neuronal cell types that were not lost in the origi-
nal injury, potentially disrupting the normal complement of cell type pro-
portions and connectivity (Powell, Cornblath, Elsaeidi, Wan, &
Goldman, 2016; Yoshimatsu et al., 2016). With recent success in stimulat-
ing endogenous cell replacement in the adult mammalian retina (Jorstad
et al., 2017), it is now increasingly important to further our understanding
of the factors that dictate the accuracy by which endogenous cell regen-
eration re-establishes neuronal populations of the appropriate cell type or
types after damage.
Here, we investigated the regeneration of cone photoreceptor
populations after their ablation in larval zebrafish to directly assess the
specificity of regeneration. Like in humans, disparate cone types in
zebrafish express distinct opsins, each with maximal sensitivity to a spe-
cific wavelength of light. Zebrafish possess four cone types, including
red, green, ultraviolet (UV), or blue cones (Fadool & Dowling, 2008).
These cone populations are arranged in an organized mosaic across the
retina, and are present in stereotypic ratios (Allison et al., 2010), approxi-
mately 1.8 red:1.3 green:1.3 UV:1 blue cone in larvae. We took advan-
tage of the uniquely stereotypic organization of the zebrafish cone
populations to (a) determine whether regeneration is conditional, that is,
whether regeneration is only stimulated after the death of only specific
or all cone photoreceptor types, and to (b) investigate the accuracy of
endogenous neuronal replacement in re-establishing the stereotypic pro-
portions of the cone types.
To achieve these aims, we fate-mapped the regenerated cone
population after ablating either the entire cone population or select
cone types in larval zebrafish. The loss of all cones, red cones, or UV
cones resulted in cone regeneration. In contrast, ablation of blue
cones failed to trigger substantial cone genesis, indicating that regen-
eration responds to specific cell death conditions. Analysis of the
composition of regenerated populations after red or UV cone abla-
tion demonstrated that although cone regeneration is nonselective, it
is biased toward the cone type that was ablated. Global cone ablation
induced generation of all cone types, and regenerated cones were
present in relative densities that approximate the hierarchy observed
in intact larvae. However, across cone ablation paradigms, the
ablated cone types failed to repopulate the retina completely, dem-
onstrating that regenerative neurogenesis may be limited.
Collectively, these results suggest that regeneration does not
completely recapitulate the steps that lead to the generation of the
appropriate numbers and proportions of neuronal cell types during
early retinal development.
2 | MATERIALS AND METHODS
2.1 | Transgenic zebrafish
All procedures were conducted in accordance with University of
Washington Institutional Animal Care and Use Committee guidelines.
Embryonic and larval fish were raised at 28C in a room with a normal
light cycle, lights on from 9:00 to 23:00. Embryos were maintained in
system water until 12–24 hr post fertilization (hpf), at which point
embryos were placed in system water containing 0.2 mM N-
Phenylthiorurea (PTU) (Sigma P7629) to prevent pigmentation. Trans-
genic larvae were screened for fluorescent protein (FP) expression
after hatching, typically at 4 days postfertilization (dpf). Screened lar-
vae were removed from PTU-containing system water, and trans-
ferred to a University of Washington zebrafish facility where they
were fed regularly. Zebrafish larvae were euthanized by MS-222-
(Sigma A5040) overdose (200–500 mg/L). See Table 1 for a list of all
the transgenic lines used. The Tg(gnat2:nfsBmCherry) transgenic line
was generated by injecting pTol2pA-gnat2-nfsBmCherry plasmid into
fertilized eggs at the one-cell stage, and progeny were screened by
mCherry expression. The pTol2pA-gnat2-nfsBmCherry plasmid was
generated in a Gateway recombination reaction: p5E:gnat2 (Suzuki
et al., 2013), pME:nfsBmCherry (Yoshimatsu et al., 2016), p3EpA, and
pDestTol2pA (Kwan et al., 2007).
2.2 | Selective cell ablation
To ablate specific cone populations, NTR-expressing larvae were
immersed in Metronidazole (Met) solution (10 mM Met in system
water) at 7 dpf for 1 or 6 hr, according to the experimental paradigm.
Larvae were fed regularly, washed in clean system water at the end of
treatment, and raised normally.
2.3 | EdU labeling
Mitotic cells were labeled in live larvae by immersion in a solution
containing 0.5 mM F-ara-EdU (Yoshimatsu et al., 2016) (Sigma
T511293) in system water. The duration of treatment was timed
according to the experimental paradigm. Half the solution volume was
replaced every other day. For visualization of EdU labeling, fixed
whole retinas were permeabilized in 0.3–0.5% TritonX-100 (Sigma
T8787) in 0.1 M PBS for 30 min at room temperature, and then
washed three times in PBS. Click reactions were carried out in PBS
solution with 10 μM Cy5-azide (Lumiprobe A2020), 2 mM copper(II)
sulfate (Sigma 45,167), and 20 mM sodium ascorbate (Sigma A7631)
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for 1 hr at room temperature. Samples were processed for immuno-
histochemistry after three PBS washes.
2.4 | Immunohistochemistry
After humane killing, larvae were fixed in a solution of 4% parafor-
maldehyde and 3% sucrose in 0.1 M phosphate-buffered saline
(PBS), pH 7.4 at room temperature, and retinas were dissected out
within 1–3 days. Fixed, whole retinas were blocked in PBS con-
taining 5% normal donkey serum and 0.5% TritonX-100 for 1–4 hr
at room temperature. Tissue was incubated in primary antibody in
blocking solution for 1–5 days at 4C. After three washes in 0.5%
TritonX-100 in PBS, samples were incubated in secondary antibody
solution for 1 day at 4C. Samples were washed three times in PBS,
mounted in 0.7% agarose, and coverslipped in Vectashield (Vector
Labs). See Tables 2 and 3 for lists of all primary and secondary
antibodies used.
2.5 | Combinations of transgenic lines and
immunolabeling for quantifying cone type
regeneration
It was not always possible to visualize all four cone types in a single ret-
ina. The cone labeling methods (transgenic lines and immunolabeling)
used for quantifying cone density under different experimental condi-
tions (Figure 7) are detailed here.
15 dpf controls: UV and blue cones visualized together in Tg
(sws1:nfsBmCherry; sws2:GFP). Red and green cones visualized
together in Tg(trβ2:G4VP16; UAS:nfsBmCherry) with arrestin 3a
immunostaining.
TABLE 1 List of transgenic lines
Transgenic Source Retinal cells labeled Shorthand
Tg(gnat2:nfsBmCherry) Wong lab All cone types gnat2
Tg(thrb:G4VP16; UAS:nfsBmCherry) Q31 (Yoshimatsu et al., 2016); c264 (Davison et al., 2007) Red cones trβ2
Tg(thrb:Tomato) Q22 (Suzuki et al., 2013) Red cones trβ2
Tg(thrb:MA-YFP) Q23 (Suzuki et al., 2013) Red cones trβ2
Tg(opn1sw1:nfsBmCherry) Q28 (Yoshimatsu et al., 2016) UV cones sws1
Tg(−5.5opn1sw1:EGFP) kj9 (Takechi, Hamaoka, & Kawamura, 2003) UV cones sws1
Tg(opn1sw2:nfsBmCherry) Q30 (Yoshimatsu et al., 2016) Blue cones sws2
Tg(−3.5opn1sw2:EGFP kj11 (Takechi, Seno, & Kawamura, 2008) Blue cones sws2
Tg(Xla.Rho:EGFP) fl1 (Fadool, 2003) Rods Xops
Tg(gfap:GFP) mi2001 (Bernardos & Raymond, 2006) Müller glia Gfap
TABLE 2 List of primary antibodies
Antibody Host Concentration Source RRID
Anti-arrestin3a Mouse 1:100 ZIRC (Larison & Bremiller, 1990) AB_10013803
Anti-DsRed Rabbit 1:500 Clontech 632496 AB_10013483
Anti-GFP Chicken 1:500 Abcam ab13970 AB_300798
Anti-GFP Mouse 1:200 Neuromab 75-132 Not available
Anti-GFP Rabbit 1:500 Abcam ab13970 AB_371416
Anti-UV opsin Rabbit 1:1,000 Gift of Jeremy Nathans (Luo et al., 2004) Not available
TABLE 3 List of secondary antibodies
Antibody Host Concentration Source RRID
Anti-chicken IgY DyLight488 Goat 1:500 Jackson ImmunoResearch AB_2336973
Anti-mouse IgG DyLight405 Goat 1:500 Jackson ImmunoResearch AB_2338986
Anti-mouse IgG DyLight488 Donkey 1:500 Jackson ImmunoResearch AB_2572300
Anti-mouse IgG DyLight649 Goat 1:500 Jackson ImmunoResearch AB_2338811
Anti-rabbit IgG DyLight488 Donkey 1:500 Jackson ImmunoResearch AB_2492289
Anti-rabbit IgG Alexa Fluor 568 Donkey 1:500 Life technologies AB_2534017
Anti-rabbit IgG Alexa Fluor 647 Donkey 1:500 Jackson ImmunoResearch AB_2340625
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All cones ablated: Red, green, UV, and blue cones visualized
together using Tg(gnat2:nfsBmCherry; trβ2:MYFP) with immunostaining
for arrestin 3a and UV-opsin.
Red cones ablated: Red, green, and blue cones visualized together
using Tg(trβ2:G4VP16; UAS:nfsBmCherry; sws2:GFP) with arrestin 3a
immunostaining.
Red and UV cones visualized together using Tg(trβ2:G4VP16;
UAS:nfsBmCherry, sws1:GFP).
UV cones ablated: Red, green, and UV cones visualized together
using Tg(sws1:nfsBmCherry; trβ2:tdTomato) with arrestin 3 a
immunostaining.
2.6 | Confocal image acquisition
Image stacks were acquired on a confocal microscope (Olympus
FV1000 or Leica TCS SP8) using a 1.35 numerical aperture (NA) 60×
oil (Olympus), 63× oil (1.4 NA) (Leica), 20× oil (0.85 NA) (Olympus), or
a 20× oil (0.75 NA) (Leica) objective lens. Images were acquired at the
following resolutions: high magnification images for orthogonal rota-
tions, 0.18 μm per pixel XY and 0.3 μm Z step; identifying regenerated
cone cell types, 0.18 μm per pixel XY and 0.5 μm Z step; whole retinas,
between 0.1 and 0.4 μm per pixel XY, and 1 μm Z steps.
2.7 | Image analysis
Image stacks were median filtered in Fiji (NIH) (Schindelin
et al., 2012). Maximum intensity projections were generated in Amira
(FEI). Three-dimensional (3D) image reconstructions were digitally
sliced using the Amira slice functions. All measurements were made in
Fiji. Image brightness, contrast, and hue were further adjusted in Pho-
toshop (Adobe) or GIMP (GNU Image Manipulation Platform).
Cell densities across the retina were assessed by counting the
number of labeled cells within an area in central, dorsal retina. In
10 dpf larvae, cones were counted within the area of a rectangle,
5,000 μm2. In 15 dpf larvae, cones were counted within the area of an
oval, about 15,000 μm2.
2.8 | Statistical analysis
Because it was not feasible in most experimental conditions to visual-
ize all cone populations together in a single retina, quantitative data
was pooled for statistical comparisons. In Figure 2b, a one-way
ANOVA was used to test for differences in cone densities across cone
ablation conditions. Pair-wise comparisons between cone ablation
conditions were made using the Wilcoxon–Mann–Whitney rank sum
test. In Figure 7, a one-way ANOVA was used to test for differences
in cone densities across cone types in each ablation condition. Pair-
wise comparisons between cone types were made using the
Wilcoxon–Mann–Whitney rank sum test. In Table 4 (see Section 3),
pair-wise comparisons between cone types in control populations and
regenerated populations were made using the Wilcoxon–Mann–
Whitney rank sum test. All statistical tests were performed using a sig-
nificance level of 0.05. All quantitative measures are reported as the
mean ± standard error (SEM).
3 | RESULTS
3.1 | Selective and pan in vivo ablation of cone
photoreceptors in larval zebrafish retina
To gain a deeper understanding of the limits of cell type replace-
ment during regeneration, we targeted specific photoreceptor
populations for cell death using the Nitroreductase/Metrondazole
technique. Expression of Nitroreductase (NTR; nfsB) can be geneti-
cally targeted to specific cell types, such that application of its
prodrug Metronidazole (Met) only induces cytotoxicity in NTR-
TABLE 4 Comparison of cone population densities in control fish and fish with cone regeneration
Note: p-values from pair-wise comparisons of cone densities in 15 dpf unablated, control fish vs. regenerated (EdU-positive) cone densities in Met-treated
fish, Wilcoxon–Mann–Whitney rank sum test. (“Regen.” regenerated, “R” red cones, “G” green cones, “UV” UV cones, and “B” blue cones).
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expressing cells (Curado et al., 2007). We investigated the efficacy
of this approach to ablate the three cone photoreceptor
populations for which transgenic tools are currently available: Tg
(trβ2:G4VP16; UAS:nfsBmCherry) (red cones), Tg(sws1:nfsBmCherry)
(UV cones), or Tg(sws2:nfsBmCherry) (blue cones) (Yoshimatsu
et al., 2016). We treated red, UV, and blue cone ablation larvae
with 10 mM Met for 1 hr at 7 days postfertilization (dpf)
(Figure 1a), a stage by which retinal circuitry is functionally mature
(Easter Jr & Nicola, 1996). The fusion of mCherry fluorescent pro-
tein (FP) to NTR facilitated visualization of each of the targeted
populations. Examination of whole retinas from Met-treated larvae
at 10 dpf, or 3 days postablation (dpa) (Figure 1a) revealed that only
sparse, punctate mCherry signal remained in central regions
(Figure 1b). The remaining FP-expressing cones in the retinal
peripheral margin are likely cells that were generated after Met
treatment, as the periphery hosts a stem cells niche that supports
ongoing cell genesis (Lenkowski & Raymond, 2014). To confirm the
specificity of NTR-induced ablation, we visualized neighboring cone
populations in fixed tissue at 3 dpa (Figure 2a). The mosaic arrange-
ment of nontargeted cone types was preserved after the ablation
of red, UV, or blue cones (Figure 2a). Whereas the population den-
sities of targeted cone types were almost completely diminished,
the densities of each nontargeted cone population remained
unchanged at 3 dpa (Figure 2b). Thus, brief Met treatment was
effective in eliminating the majority of cells of each cone type,
without killing neighboring cones via bystander effects.
To gain further insight into the specificity and robustness of
cone regeneration, we targeted the entire cone population for abla-
tion. We generated the Tg(gnat2:nfsBmCherry) line, in which the
guanine nucleotide binding protein, alpha transducing activity polypep-
tide 2 (gnat2) promoter (Kennedy et al., 2007) drives nfsB-mCherry
expression in all cone types, and treated these fish with Met for
1 hr at 7 dpf as before (Figure 2a). Examination of whole retinas
from Met-treated fish at 3 dpa revealed that brief Met treatment
was insufficient to induce death of cone photoreceptors (Figure 3a).
We therefore extended Met treatments to 6 or 24 hr. Whereas
cone ablation was primarily restricted to dorsal retinal regions in
fish treated with Met for 6 hr at 3 dpa, ablation spanned almost the
entire retina in fish treated for 24 hr (Figure 3a). Moreover, analysis
at a later stage (8 dpa) revealed that the ablation persisted in gnat2
F IGURE 1 Selective ablation of specific cone populations in larval zebrafish. (a) Timeline demonstrates timing of Met (M) treatment. Asterisks
denotes the age at which larvae were fixed for analysis. (b) En face views of wholemount, fixed retinas from 10 dpf (3 dpa) Met-treated and
control fish. Met was applied for 1 hr at 7 dpf. Specific cone populations were targeted for ablation by selective expression of nfsB. Tg(trβ2:
G4VP16; UAS:nfsBmCherry) fish were used to ablate red cones, Tg(sws1:nfsBmCherry) fish were used to ablate UV cones, and the Tg(sws2:
nfsBmCherry) line was used to ablate blue cones. Arrowheads denote the optic nerve head. (“D” dorsal, “V” ventral)
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fish that had been treated with Met for 24 hr. Cones repopulated
dorsal regions of the retina by 8 dpa in fish treated for 6 hr, but in
24 hr-treated fish, large regions still completely lacked cones
(Figure 3b). We hypothesized that the lack of cone repopulation
may have resulted from damage to the cells that produce regenera-
tive progenitors, Müller glia. Indeed, visualization of Müller cells at
3 dpa in 6 or 24 hr-treated larvae demonstrated that the Müller glia
became disorganized after extended Met treatment (Figure 3c).
There were apparent breaks in the outer limiting membrane, indi-
cating that Müller glia had retracted their apical processes. This
may be a consequence of the fact that Müller glia respond to pho-
toreceptor death by phagocytosing the dead or dying cells (Bailey,
Fossum, Fimbel, Montgomery, & Hyde, 2010; Morris, Scholz,
Brockerhoff, & Fadool, 2008), which would potentially render
Müller cells vulnerable to cytotoxic agents, and especially so when
prodrug treatment is long-lasting. Thus, in order to ablate cone pho-
toreceptors without inducing secondary damage that might inhibit
cone repopulation, we proceeded with a 6-hr Met treatment para-
digm in gnat2 fish.
3.2 | Selective cone ablation triggers nonspecific
cone genesis
We next evaluated whether selective cone ablation only induced
repopulation of the lost cone types. To unequivocally identify newly
proliferated cones, we exposed control and cone-ablated larvae to the
thymidine analog (20S)-20-Deoxy-20-fluoro-5-ethynyluridine (EdU). Pre-
vious studies investigating regeneration after widespread photorecep-
tor loss in zebrafish reported that progenitor proliferation peaks
between 1 and 4 dpa (Bernardos, Barthel, Meyers, & Raymond, 2007;
Vihtelic & Hyde, 2000; Yoshimatsu et al., 2016). Further, a recent
study examining cone regeneration after selective loss of UV cones in
larvae demonstrated that repopulation plateaus between 7 and 10 dpa
(Yoshimatsu et al., 2016). As such, we treated cone ablation fish with
EdU from 1 to 4 dpa, before analysis of fixed, whole retinas at 8 dpa
(Figure 4a). We observed that EdU sparsely labeled nuclei in the outer
nuclear layer (ONL) of control larvae (Figure 4b); however, EdU never
incorporated into cones, demonstrating that cone genesis is not ongo-
ing in control fish (Figure 4b). Instead, the EdU-positive nuclei likely
F IGURE 2 Selective cone ablation does not damage neighboring cones. Ablation of red, UV, or blue cone populations in the background of
transgenically-labeled or immunostained cones. nfsB-expressing fish were crossed with the Tg(trβ2:tdTomato) line to visualize nontargeted red
cones, with Tg(sws1:GFP) fish to visualize nontargeted UV cones, or with Tg(sws2:GFP) to visualize nontargeted blue cones. Anti-arrrestin3a
immunostaining labels both red and green cones. (a) Maximum intensity projections of confocal image stacks from 10 dpf (3 dpa) control or Met-
treated retinas. Met was applied for 1 hr at 7 dpf. (b) Plots show the mean cell density of each cone type from Met-treated larvae at 3 dpa, and
from age-matched control fish. Each open circle represents a single retina, with the numbers of retinas analyzed shown in parentheses. Error bars
are ± SEM. **p < .01; Wilcoxon–Mann–Whitney rank sum test
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mark newborn rod progenitors or rods, as these photoreceptors are
seeded into central retinal regions from late larval stages through
adulthood (Stenkamp, 2011). In contrast to controls, EdU incorporation
was robust in the ONL of cone-ablated fish, indicating that new photo-
receptors were generated between 1 and 4 dpa in response to the
death of all or select types of cone photoreceptors (Figure 4c,d). The
level of EdU incorporation in the ONL appeared to occur to different
extents, depending on the cone type that was ablated (Figure 4c,d).
However, it was apparent that regenerated cone populations did not
fully compensate for neuron loss, as they did not reach their original
population densities (Figure 4d; Table 4). Regenerated cones often
appeared in patches of clusters, such that they did not appear to local-
ize in their typical mosaic organization in the ONL (compare Figure 4d
with Figure 2a). We also observed mitotic label in the inner nuclear
layer (INL) of cone ablation retinas, but not in control retinas
(Figure 4c). The EdU-positive nuclei in undamaged layers may mark
newly-generated inner retinal neurons, as observed after photoablation
of all photoreceptors in adult zebrafish (Powell et al., 2016).
In addition to inducing the regeneration of lost cell type(s), the
ablation of specific neurons can provoke the genesis of ectopic neu-
ron types (Powell et al., 2016; Yoshimatsu et al., 2016). Indeed, EdU
appeared to incorporate into nontargeted photoreceptors in the ONL,
in addition to the ablated cone types (Figure 4d). To address this, we
visualized nontargeted cones in retinas in which a specific cone type
was eliminated. EdU labeling demonstrated that, in each case in which
one cone type was ablated, other cone types were generated together
with the ablated type. Figure 5 demonstrates how we determined the
identities of cone types that were regenerated. In brief, to visualize
nontargeted cone types, NTR-expressing transgenic fish were crossed
with other transgenic lines in which specific cone types (red, UV, or
blue) express FP (Figure 5a,b), and immunostained for arrestin 3a to
label red and green cones (Figure 5a; see Section 2).
We also evaluated the composition of regenerated populations
after ablation of all cone photoreceptor types, as shown in Figure 6.
We visualized red cones by crossing Tg(gnat2:nfsBmCherry) fish with
the Tg(trβ2:MYFP) line, and distinguished green and UV cones by
F IGURE 3 Optimizing Met treatment to ablate all cones without damaging Müller glia. (a) En face views of wholemount, fixed retinas from
10 dpf (3 dpa) Met-treated and control fish from the Tg(gnat2:nfsBmCherry) line. Fish were treated with Met for 1, 6, or 24 hr at 7 dpf.
Arrowheads denote the optic nerve head. (“D” dorsal, “V” ventral). (b) High-magnification, en face views of dorsal retinal regions in 15 dpf control
and Met-treated gnat2 larvae. In fish treated with Met for 6 hr, UV opsin immunolabeling was visualized in the same channel as gnat2 transgenic
labeling. Arrowheads denote the optic nerve head. (c) Visualization of Müller glia in 10 dpf (3 dpa) larvae after different durations of Met
treatment of Tg(gnat2:nfsBmCherry; gfap:GFP) double transgenic fish. (Side view) Orthogonal views of central retinal regions. Shown are images
from control animals and from fish treated with Met for 6 or 24 hr. (Top view) En face views of the outer nuclear layer (ONL) together with Müller
glia end feet, at the level indicated in the side views
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immunostaining for arrestin 3a and UV-opsin, respectively (Figure 6a,
b). Blue cones were identified by the process of elimination; after
identifying gnat2-positive cells that colabeled with trβ2, arrestin 3a, or
UV-opsin, any remaining gnat2-positive photoreceptors were classi-
fied as blue cones (Figure 6b). Thus, in a single larva, we could distin-
guish which of the EdU-positive nuclei were associated with red,
green, UV, or blue cones after cone photoreceptor death and regener-
ation (Figure 6c).
3.3 | Cone type-specific proliferative advantages
and biases in cone regeneration
Quantitation of the composition of the regenerated population rev-
ealed that specific cone types appear to hold a proliferative advan-
tage, depending on the identity of the population ablated. The
robustness of cone regeneration roughly correlated with the density
of the population ablated; all > red > UV > blue cone types (Figure 7).
F IGURE 4 Cone ablation induces proliferation of photoreceptors within days of cell death. (a) Timeline demonstrates the timing of Met and
EdU treatment. Asterisk denotes age at which larvae were fixed for analysis. Met was applied for 1 hr at 7 dpf in select cone type-ablation; Met
was applied for 6 hr at 7 dpf in all cones-ablation conditions. (b) Maximum intensity projections of confocal image stacks from 15 dpf control Tg
(gnat2:nfsBmCherry) larvae that were treated with EdU. In the orthogonal view of the whole retina, the boundary between the ONL and inner
nuclear layer (INL) is outlined in the panel showing EdU labeling alone. The dense bands of EdU-positive cells at the peripheral retina demarcate
cells generated in the ciliary marginal zone at the time of EdU treatment. (Side view) Orthogonal rotation showing the photoreceptor layer. (Top
view) En face views of photoreceptors together with EdU labeling, at the level indicated in the side view. Arrowheads point to EdU-positive
nuclei. (c) Orthogonal views of whole eyes from 15 dpf (8 dpa) fish in which specific cone populations or all cone photoreceptors were ablated.
The targeted cone population is visualized by nfsB-mCherry expression (gray scale), and shown together with EdU labeling (green). The boundary
between the ONL and INL is outlined in the panels showing EdU labeling alone. (d) En face, high-magnification views showing EdU colabeling in
the ONL of 15 dpf cone-ablated fish
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Global cone death induced regeneration of all cone types, and the
relative abundance of regenerated cells of each type approximates
the normal hierarchy: red > green > UV blue cone (Figure 7).
However, the stereotypic relationship between the densities of each
cone type was not preserved in regeneration; whereas cones in con-
trol retinas are present in a ratio of 1.8 red:1.3 green:1.3 UV:1 blue
F IGURE 5 Example of identification of regenerated cone types after UV cone ablation. Demonstration of how different cone types were
distinguished in the population of regenerated photoreceptors after UV cone ablation. (a) Identification of regenerated UV, red, and green cones after
UV cone ablation in 15 dpf (8 dpa) Tg(sws1:nfsBmCherry; trβ2:MYFP) double transgenic fish, with arrestin3a immunostaining and EdU labeling. Panels
shown are images taken from the same region of tissue. (b) Identification of regenerated UV and blue cones after UV cone ablation in 15 dpf (8 dpa) Tg
(sws1:nfsBmCherry; sws2:GFP) double transgenic fish with EdU labeling. Panels shown are images taken from the same region of tissue. In (a) and (b),
side views are orthogonal rotations of the ONL from UV cone-ablated retinas. Top views show the nuclei located at the level of the line indicated in the
side view. In order to visualize EdU-positive UV cones, a different plane of section was visualized because UV cone cell bodies reside in a lower plane
compared to other cone types. Arrowheads point to EdU-positive nuclei
F IGURE 6 Identification of regenerated cone types after ablation of all cones. Demonstration of how each cone type was distinguished in retinas
from 15 dpf (8 dpa) Met-treated Tg(gnat2:nfsBmCherry; trβ2:MYFP) double transgenic larvae. (a) Identification of regenerated red and green cones. Trβ2
labels red cones alone, and anti-arrestin3a labels both red and green cones (gray). EdU and anti-UV opsin were visualized in the same channel (green).
(b) Identification of regenerated UV and blue cones. gnat2 labels all cone types (magenta), anti-UV opsin labels UV cones (green). Line 1 in the side view
marks the level at which blue cone nuclei were visualized for top views, line 2 marks the level at which UV cone nuclei were visualized for top views.
(c) Representative map of different cone types in the regenerated population. Filled circles denote the identity of each EdU-positive nucleus. In A-C,
side views are orthogonal rotations of the ONL; top views show the nuclei located at the level of the line indicated in the side view. Arrowheads point
to EdU-positive cones, asterisks mark UV opsin-positive cones
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cone, regenerated cones in retinas with general cone death appear in
a ratio of 3.9 red:2 green:1.2 UV:1 blue cone on average. Thus, gene-
sis was especially skewed toward red and green cones after ablation
of all cones. Like retinas in which all cones were ablated, ablation of
red cones induced genesis of all cone types (Figure 7). However,
regenerated red cones appeared in the highest density, demonstrating
that regeneration was biased toward red cones after their selective
ablation. Likewise, UV cone ablation biased regeneration toward UV
cones. Other cone types were also generated after UV cone ablation;
new red and blue cones were consistently produced, but green cones
were only sometimes generated, and in extremely low numbers.
Finally, as reported previously, ablation of the blue cone population
induced a very weak regenerative response (Yoshimatsu et al., 2016).
Although EdU labeling was evident in the ONL of blue-ablated retinas
(Figure 4c,d), we observed that ablating blue cones only stimulated
cone genesis in half the retinas analyzed (4/8 retinas). No UV cones
incorporated EdU, and EdU-positive blue, red, or green cones were
present in approximately equal numbers (EdU-positive blue cone den-
sity = 0.01 ± 0.03 cells per 1,000 μm2, n = 8 retinas; EdU-positive red
cone density = 0.02 ± 0.02 cells per 1,000 μm2, n = 8 retinas; EdU-
positive green cone density = 0.02 ± 0.02 cells per 1,000 μm2, n = 7
retinas) (Figure 7). Repeating blue cone ablation in rod-labeled trans-
genics (Tg(sws2:nfsBmCherry; xops:GFP)) demonstrated that the major-
ity of the EdU-positive cells in the ONL at 8 dpa were rod
photoreceptors (EdU-positive cell density in the ONL of blue-ablated
retinas = 5.49 ± 1.05 cells per 1,000 μm2, n = 8 retinas; EdU-positive
rod density in blue-ablated retinas = 5.37 ± 1.06 cells per 1,000 μm2,
n = 8 retinas; p =.75, Wilcoxon–Mann–Whitney rank sum test.) Fur-
ther, blue cone loss did not increase rod genesis in lieu of replacing
lost blue cones (EdU-positive rod density in blue-ablated ret-
inas = 5.37 ± 1.06 cells per 1,000 μm2, n = 8 retinas; EdU-positive rod
density in control retinas = 3.76 ± 1.3 cells per 1,000 μm2, n = 7 ret-
inas; p =.28, Wilcoxon–Mann–Whitney rank sum test; Figure S1).
Thus, it appears that unlike fish in which red or UV cones were
ablated, photoreceptor regeneration was not skewed toward the
targeted cone type in blue cone-ablated larvae. Furthermore, blue
cone ablation did not increase the level of normal, ongoing rod genesis
in lieu of cone regeneration.
3.4 | Müller glia proliferate in response to global
and selective cone death
Several studies in fish retinal regeneration have suggested that a mini-
mum number of cells must die in order to stimulate Müller glia-
mediated regeneration (Braisted & Raymond, 1992; Montgomery, Par-
sons, & Hyde, 2010). In a recent investigation, UV cones were selec-
tively ablated by light lesioning in adult zebrafish, and although Müller
glia upregulated markers of dedifferentiation, they did not incorporate
mitotic markers (Nagashima, Barthel, & Raymond, 2013). We thus
wondered whether the loss of blue cones, the least abundant cone
type in the larval retina, was insufficient to induce proliferation of
Müller glia. To test this hypothesis, we treated control and cone-
ablated larvae with EdU from 1–3 dpa, and fixed at 3 dpa in order to
detect any EdU-positive Müller glia before the end of the proliferation
period (Figure 8a). Visualizing EdU labeling across the whole retina in
control larvae showed that as expected, there was little to no EdU
incorporation in the inner retina (Figure 8b). In contrast, there was
robust EdU incorporation in the INL of retinas from larvae in which all
cones, or only red, UV, or blue cones were ablated. Across ablation
paradigms, EdU-positive nuclei appeared in columns, reminiscent of
the neurogenic columns commonly observed during Müller glia-
mediated regeneration (Lenkowski & Raymond, 2014; Figure 8b). To
confirm that these columns were associated with proliferating Müller
glia, we visualized Müller glia by crossing cone ablation fish with the
Tg(gfap:GFP) line. Indeed, EdU colabeled the nuclei of gfap-positive
F IGURE 7 Selective cone ablation induces biased and incomplete regeneration of specific cone types. Quantification of the densities of each
cone type in control retinas, and of each cone type in the regenerated population (EdU-positive) after selective cone ablation. Plots show the
mean population density across control and cone ablation conditions in 15 dpf (8 dpa) fish. Each circle represents one retina, with the numbers of
retinas analyzed in parentheses. Because it was not technically feasible in most selective ablation conditions to visualize all cone populations
together within a single retina, cone density measurements were pooled across retinas in which different cone populations were labeled. For each
experimental condition, filled and open circles indicate measurements from transgenic lines in which different combinations of cone types were
fluorescently labeled (see Section 2). Error bars are ± SEM. *P < .05, **P < .01, ***P < .001; Wilcoxon–Mann–Whitney rank sum test
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nuclei after ablation of all or only red, UV, or blue cones (Figure 8c).
We therefore conclude that the loss of any cone type population in
larval zebrafish is sufficient to provoke Müller glia proliferation. How-
ever, the death of a single cone population is not always sufficient to
induce production of photoreceptors.
4 | DISCUSSION
4.1 | Determinants of the composition of
regenerated neuronal populations
It is clear that even in a system with the native capacity to regenerate
diverse neuronal cell types, regeneration is not selective. After ablat-
ing single cone types, we found that in addition to the ablated cohort,
other cone types were also regenerated. Our observation is in line
with previous work in which specific neuron types (D'Orazi, Zhao,
Wong, & Yoshimatsu, 2016; Kei, Currie, & Jusuf, 2017; Yoshimatsu
et al., 2016) or select retinal layers (Powell et al., 2016; Raymond, Bar-
thel, Bernardos, & Perkowski, 2006) in zebrafish were ablated, which
resulted in genesis of nonablated neuronal cell types. The “non-
ablated” cell types can persist until at least 30 days postablation
(Powell et al., 2016), suggesting that excess neurons are not later
culled back. As such, even in an animal capable of endogenous regen-
eration, neuron replacement is imprecise. Such imprecision may intro-
duce a negative impact on retinal function and organization, and thus
underscores the need to understand the determinants of cell fate and
proliferation in regeneration, to better tailor repair to specifically
replace the lost cell type or types.
Our quantitative analysis of cone regeneration in larval zebrafish
after eliminating a single cone type (red, UV or blue) suggests that cell
replacement is biased toward the ablated cell type (see also [Fraser,
DuVal, Wang, & Allison, 2013; Kei et al., 2017]). Similar conclusions
were made by studies of adult zebrafish and larval frogs. Ablation of
select retinal layers in adult zebrafish biased regenerative proliferation
toward the affected layer(s) (Powell et al., 2016). Also, ablation of
F IGURE 8 Müller glia undergo cell division in response to death of cone populations, regardless of type. (a) Timeline demonstrates the timing of EdU
application after Met treatment in cone-ablated fish. Asterisk denotes the age at which larvae were fixed for analysis. Met was applied for 1 hr at 7 dpf in
select cone type-ablation; Met was applied for 6 hr at 7 dpf in all cones-ablation conditions. (b) Orthogonal rotations of whole retinas from 10 dpf control
and cone-ablated fish treated with EdU: Tg(gnat2:nfsBmCherry) (all cones), Tg(trβ2:G4VP16; UAS:nfsBmCherry) (red cones), Tg(sws1:nfsBmCherry) (UV cones),
and Tg(sws2:nfsBmCherry) (blue cones). (“D” dorsal, “V” ventral). (c) Cone-ablated fish were crossed with Tg(gfap:GFP) to visualize Müller glia for
EdU colabeling. (Side view) Orthogonal rotations showing Müller glia together with EdU labeling. (Top view) En face views of EdU-positive nuclei,
taken at the level indicated in the side views. Arrowheads mark EdU-positive nuclei
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specific amacrine cells or inner retinal neuronal subsets in the devel-
oping frog retina biased progenitors toward producing the ablated
neuronal cell type over others (Reh, 1987; Reh & Tully, 1986). Recent
work in zebrafish larvae further suggests that this bias can change as
regeneration progresses over time (Kei et al., 2017). Our observations
here add to the current notion that neuronal progenitors “detect”
which cell type is lost after retinal injury in a dynamic manner, as cells
are replaced. Even though the mechanisms by which regeneration is
biased toward the lost neuronal population are still unknown, clues
come from studies of neurogenesis and cell fate specification during
retinal development (Agathocleous & Harris, 2009; Bassett &
Wallace, 2012; Brzezinski & Reh, 2015; Cayouette, Poggi, &
Harris, 2006).
There are several potential mechanisms by which biased regener-
ation may occur. First, cell fate specification of neuronal progenitors
may be biased toward the ablated neuronal population. Although cell
fate specification is largely controlled by a hierarchy of cell-intrinsic
transcription factors (Boije, MacDonald, & Harris, 2014), extrinsic cues
impinge upon intrinsic programs, often by regulating the timing of cell
cycle exit and differentiation in neuroepithelial-derived progenitors.
Several of these signaling pathways are activated during regeneration,
such as Notch signaling (Lenkowski & Raymond, 2014). Further,
extrinsic signals that specify cell fate during vertebrate retinal devel-
opment, including retinoic acid and thyroid hormone, bind ligand-
regulated transcription factors to promote the differentiation of rods
and cones, respectively (Sernagor, Eglen, Harris, & Wong, 2006; Swa-
roop, Kim, & Forrest, 2010). Such extrinsic signals may be redeployed
in regeneration to influence cell fate specification, but as yet remain
largely unexplored.
Another potential mechanism that could bias neuronal regenera-
tion toward specific cell types is the selective proliferation of fate-
restricted progenitors or precursors. Indeed, differentiated neurons in
the developing retina can limit their population size via negative feed-
back signaling, which inhibits the proliferation of particular fate-
restricted progenitors (44). For example, RGCs secrete SHH to inhibit
the proliferation of progenitor cells during the early retinal stages
when RGCs are typically produced in mice (Wang, Dakubo, Thurig,
Mazerolle, & Wallace, 2005). Depletion of RGCs from the developing
mouse retina results in an increased proportion of the progenitor
pool expressing transcription factors necessary for RGC fate, indicat-
ing that negative feedback is cell type-specific (Mu et al., 2005). It
has been hypothesized that a similar mechanism maintains homeosta-
sis in the mature zebrafish retina, such that ablation of particular
populations disinhibits the proliferation of specific progenitors
(Powell et al., 2016). Surviving neurons from nontargeted populations
may continue to provide negative feedback, and thus act to reduce
the generation of ectopic cell types during regeneration. Direct evi-
dence for the proliferation of select progenitor types during regener-
ation comes from studies of salamander midbrain in which
dopaminergic neuron populations are normally fully restored after
selective chemical ablation, but their regeneration is blocked when
pharmacological agents are applied to compensate for the loss of
dopaminergic signaling after neuronal cell death (Berg et al., 2011).
There is also recent evidence showing that there are dedicated pre-
cursors for each cone type during zebrafish retinal development
(Suzuki et al., 2013), providing a potential foundation for the selective
regulation of progenitor proliferation during cone regeneration. How-
ever, unlike salamander dopaminergic neurons, it is unlikely that each
cone type regulates proliferation of its specific precursor via neuro-
transmitter signaling because all cone types release the same neuro-
transmitter, glutamate.
Finally, it is possible that selective cell death plays a role in
sculpting the composition of the regenerated cone population. Our
observations do not exclude the potential scenario in which all cone
types are generated after ablation of any distinct cone population, but
only a subset of regenerated neuronal types survive. It is evident that
there is upregulation of cell death signaling pathways upon cell loss
(Gorsuch & Hyde, 2014; Lenkowski & Raymond, 2014). These path-
ways are often sufficient to initiate regeneration, but all so far appear
to be “general” death signals that are unlikely to convey signals to
specify select cell fates (Nelson et al., 2013). Differential expression of
Fgf signaling components in disparate retinal layers in larval and adult
zebrafish retinas, however, has been suggested to provide a frame-
work for layer-specific death signaling (Gorsuch & Hyde, 2014). How
such diffusible cues could mediate the specification of cells inter-
mingling within a single layer, like the various cone photoreceptors, is
unclear. In the developing chick retina, differentiated, stratified RGCs
secrete the neurotrophin NGF, which induces the death of RGCs still
migrating into the ganglion cell layer via activation of the p75NTR
receptor and downstream pro-apoptotic pathways (Frade, Rodríguez-
Tébar, & Barde, 1996; González-Hoyuela, Barbas, & Rodríguez-
Tébar, 2001). Neuronal populations can therefore regulate their num-
bers via targeted death of homotypic, postmitotic cells. In the future,
assessing whether or not cell death is elevated after regeneration is
complete, and whether ectopic, nonablated cones persist, will provide
insight into the extent to which cell death dictates the ultimate com-
position of regenerated neuronal populations. Further studies identi-
fying cues that control the generation of the various cone types
during normal development will also be highly useful in understanding
the regeneration program.
The mechanisms discussed above are not mutually exclusive; reti-
nal regeneration likely involves to some extent the orchestrated regu-
lation of progenitor proliferation, fate specification, and neuron
survival. However, it is clear that the spatially and temporally coordi-
nated mechanisms that generate retinal neurons in the correct num-
bers and proportions during development are not perfectly
recapitulated after selective ablation in mature circuits. The hierarchy
of relative cone type abundances is approximately recaptured after
pan cone ablation and regeneration. However, none of the cone types
recover their original population densities, as previously observed in
adult zebrafish (Raymond & Barthel, 2004; Stenkamp &
Cameron, 2002). Likewise, the targeted cone populations do not fully
repopulate after single cone population elimination, and as a result,
the regenerated cone populations fail to organize into their typical
mosaic arrangements. Understanding the relative contributions of
selective repopulation versus selective maintenance of new cells
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during regeneration will be critical to specifying regeneration to
appropriately replace lost cell types.
4.2 | Activation of Müller glia-mediated cone
regeneration
By selectively ablating specific cone types, we found that photorecep-
tor regeneration is “conditional.” Whereas ablating red or UV cone
populations alone induces robust to moderate cone regeneration, blue
cone death only sometimes induces cone regeneration, and only to an
extremely weak degree. It is unlikely that these differences arise from
a limitation in the competency of Müller glia-derived progenitors,
because previous work has clearly demonstrated that Müller glia-
derived progenitors are multipotent, that is, capable of differentiating
into each of the major retinal neuron classes (Fausett &
Goldman, 2006; Goldman, 2014; Ramachandran, Reifler, Parent, &
Goldman, 2010). In our current and past work, we find that new blue
cones are certainly produced after the ablation of all cones, or of red
or UV cones (Yoshimatsu et al., 2016). Thus, the failure to reproduce
cones after the ablation of blue cones raises the question of what fac-
tors dictate whether or not Müller glia-mediated regeneration to
replace specific lost neuronal cell types is initiated.
Some of the earliest investigators of teleost retinal regeneration
posited that substantial cell death is a major factor in triggering a
robust regeneration response from Müller glia (Braisted &
Raymond, 1992). Ablation of different proportions of a single neuron
type, rod photoreceptors, suggested that Müller glia are sensitive to
the extent of cell death (Montgomery et al., 2010). Comparisons of
retinas in which the cone and rod photoreceptor populations were
ablated to different degrees by light lesioning also revealed that the
proportion of Müller glial cells that undergo cell division, as well as the
extent of progenitor proliferation, corresponds to the magnitude of
photoreceptor death (Thomas, Nelson, Luo, Hyde, & Thummel, 2012).
Similarly, we found that the extent of cone regeneration roughly corre-
lated with the normal density of the ablated population, that is, all cone
types > red cones > UV cones > blue cones. However, the normal den-
sities of UV versus blue cones only differ slightly: 1.3 UV cones: 1 blue
cone. Thus, it may be challenging to pinpoint if a simple threshold of
cell loss determines whether cone regeneration is triggered or not.
We found that although Müller glia underwent mitosis in
response to the death of blue cones, cones were not produced. Why?
Müller glia act as stem cells under two different circumstances; in
addition to producing neuronal progenitors in response to cell loss,
they support ongoing rod genesis in intact circuits by undergoing
slow asymmetric divisions that generate new rod precursors
(Bernardos et al., 2007). Thus, Müller glia-derived progenitors must
undergo a fate switch in order to support cone regeneration (Fraser
et al., 2013). As such, we hypothesized that blue cone death may be
insufficient to drive the rod-to-cone competency change in Müller
glia-derived progenitors. However, despite the fact that Müller glia
increase their rate of division after blue cone loss, we observed blue
cone death did not increase the normal production of rods at the
expense of cone regeneration. It remains to be seen whether or not
neuronal progenitors are instead biased toward nonphotoreceptor
fates after selective loss of a single photoreceptor population. Fur-
ther, it remains possible that cone regeneration only occurs after the
death of nonblue cone types because of differences in the origin, not
the extent, of cell death.
In conclusion, retinal regeneration appears to be inherently lim-
ited after the loss of select neuronal populations. These limitations are
especially pertinent to retinal diseases that affect specific retinal neu-
ron types, such as retinitis pigmentosa, an inherited retinal degenera-
tion disorder that primarily affects photoreceptors (Hamel, 2006). Our
current findings underscore the need not only to understand the dif-
ferences between mammalian and teleost systems that dictate
whether regeneration is initiated, but also to understand what factors,
intrinsic and extrinsic, control the extent and specificity of neuronal
regeneration. Of particular interest are the potential intrinsic differ-
ences between the neuroepithelial-derived progenitors that support
retinal development and the Müller glia-derived progenitors produced
in regeneration. Challenges may also arise in recapitulating retinal
neurogenesis based on differences in the retinal environment at dif-
ferent stages of maturation.
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